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Summary
Engineering the production of polyhydroxyalkanoates (PHAs) into high biomass bioenergy crops
has the potential to provide a sustainable supply of bioplastics and energy from a single plant
feedstock. One of the major challenges in engineering C4 plants for the production of poly[(R)-3-
hydroxybutyrate] (PHB) is the significantly lower level of polymer produced in the chloroplasts of
mesophyll (M) cells compared to bundle sheath (BS) cells, thereby limiting the full PHB yield-
potential of the plant. In this study, we provide evidence that the access to substrate for PHB
synthesis may limit polymer production in M chloroplasts. Production of PHB in M cells of
sugarcane is significantly increased by replacing b-ketothiolase, the first enzyme in the bacterial
PHA pathway, with acetoacetyl-CoA synthase. This novel pathway enabled the production of
PHB reaching an average of 6.3% of the dry weight of total leaf biomass, with levels ranging
from 3.6 to 11.8% of the dry weight (DW) of individual leaves. These yields are more than twice
the level reported in PHB-producing sugarcane containing the b-ketothiolase and illustrate the
importance of producing polymer in mesophyll plastids to maximize yield. The molecular weight
of the polymer produced was greater than 2 9 106 Da. These results are a major step forward in
engineering a high biomass C4 grass for the commercial production of PHB.
Introduction
PHAs are biodegradable polyesters produced naturally in some
bacteria that, depending on their monomer unit composition,
possess similar physical properties to many petroleum-derived
plastics (Steinb€uchel and Doi, 2002). The most common member
of the broad family of PHAs, PHB, has successfully been produced
in a number of plant species (see recent review (Somleva et al.,
2013)) and has potential applications not only as a bioplastic, but
also for the production of chemicals and improved animal feed
(Gao et al., 2011; Lee et al., 1999; Mullen et al., 2014;
Schweitzer et al., 2014; Somleva et al., 2013). Production of
PHB as a value-added co-product in high biomass yielding crops
has the potential to improve the economics of their use for
energy production (Snell and Peoples, 2009; Van Beilen and
Poirier, 2012). The most photosynthetically efficient biomass
crops are C4 grasses (Byrt et al., 2011), which possess more
complex biochemical and morphological features for carbon
fixation than plants with C3 photosynthesis. In C4 plants, the
processes of CO2 fixation and reduction are compartmentalized
between physiologically distinct mesophyll (M) and bundle sheath
(BS) cells. The resulting increase in photosynthetic rate and
significantly reduced photorespiration allows C4 plants to achieve
high biomass yields under adverse conditions, such as drought,
high temperature and under CO2 or nitrogen limitation.
PHB has been produced in plants by engineering heterologous
expression of genes encoding three bacterial enzymes, a
b-ketothiolase (PhaA), an acetoacetyl-CoA reductase (PhaB) and
a PHB synthase (PhaC) (Nawrath et al., 1994; Peoples and
Sinskey, 1989; Poirier et al., 1992), which convert the endoge-
nous plant metabolite acetyl-CoA to polymer (Figure 1; ABC
pathway). Targeting of the bacterial PHB biosynthesis enzymes to
subcellular compartments where sufficient acetyl-CoA and reduc-
ing power are available is necessary to achieve optimal yield of
PHB (synthesis of low amounts of PHB can be obtained without
targeting, that is via expression of the enzymes in the cytosol
(Petrasovits et al., 2007; Poirier et al., 1992)). The best results
thus far have been obtained by engineering PHB production in the
chloroplast (Bohmert et al., 2000; Bohmert-Tatarev et al., 2011;
Dalton et al., 2011; Nawrath et al., 1994; Petrasovits et al., 2012;
Somleva et al., 2013). PHB production in the chloroplasts of the
C4 crops sugarcane (Petrasovits et al., 2007, 2012), switchgrass
(Somleva et al., 2008) and maize (Poirier and Gruys, 2001)
resulted in polymer formation in all types of leaf cells, as identified
by microscopic visualization of granules, with the exception of M
cells where little to no PHB granules were observed. Strategies to
increase polymer production in C4 grasses have included the use
of stronger constitutive promoters to drive expression of the PHB
pathway (Petrasovits et al., 2012) and overexpression of photo-
synthesis-related genes to increase photosynthetic rate (Somleva
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et al., 2013). These approaches have improved overall polymer
yield but failed to effectively utilize the full capacity of M cells. As
M cells account for more than ⅔ of the photosynthetic leaf
volume of C4 species (Hattersley, 1984), increasing polymer
production in the mesophyll is of paramount importance for
maximizing PHB yields.
We suspected that PhaA is the main contributor to low PHB
yield in M cells. Previous work in potato has shown that
constitutive expression of the ß-ketothiolase was deleterious to
the generation of transgenic plants (Bohmert et al., 2002). In
addition, PHB biosynthesis in plastids, initiated by PhaA, competes
directly with de novo fatty acid synthesis (FAS) for substrate
because both pathways use acetyl-CoA (Figure 1). We previously
demonstrated that chemical inhibition of acetyl-CoA carboxylase
(ACCase), the enzyme that commits carbon to FAS, substantially
increased PHB accumulation (Petrasovits et al., 2013). We also
showed that ACCase inhibition leads to a considerable increase in
polymer production in M cells (McQualter et al., 2014), suggest-
ing that access to substrate limits PHB production in M cells. In an
attempt to better utilize the capacity of M cells for PHB synthesis,
we have explored a strategy to access the available substrate(s)
more effectively using the recently described novel acetoacetyl-
CoA synthase (AACS) encoded by the nphT7 gene of Strepto-
myces sp. (Okamura et al., 2010). The enzyme catalyses the
condensation of acetyl-CoA and malonyl-CoA to yield acetoac-
etyl-CoA, CO2 and free CoA (Okamura et al., 2010). This enzyme
has properties which favour its use over the Cupriavidus necator
b-ketothiolase as a catalyst for acetoacetyl-CoA synthesis. PhaA
preferentially catalyses thiolysis over synthesis of acetoacetyl-CoA
(Heath and Rock, 2002), while NphT7-catalysed acetoacetyl-CoA
synthesis is an energy-favoured reaction (Okamura et al., 2010).
Bacterial b-ketothiolases have a Km value for acetyl-CoA of 0.39
to 1.1 mM (Haywood et al., 1988; Oeding and Schlegel, 1973),
while NphT7 has a Km value of 0.068 mM for acetyl-CoA and
0.028 mM for malonyl-CoA (Okamura et al., 2010). As plastidic
ACCase has a Km value of between 0.095 and 0.12 mM for
acetyl-CoA (Herbert et al., 1994; Price et al., 2003), NphT7
should be a more effective enzyme compared to the bacterial
thiolase for accessing acetyl-CoA in the chloroplast. Here, we
demonstrate that NphT7 increases polyhydroxybutyrate produc-
tion in M cells leading to an overall increase in PHB yield per plant.
Results and discussion
To test the hypothesis that NphT7 might access substrate more
effectively than PhaA, sugarcane cultivar Q117 was transformed
with a new PHB pathway comprised of nphT7, phaB and phaC
(NBC pathway, Figure 1). Sugarcane callus was co-bombarded
with three single gene constructs containing each of the NBC
pathway genes driven by the Cabm5 promoter and terminated
with nos, together with the neomycin phosphotransferase select-
ablemarker gene encoded on the plasmid pUKN (McQualter et al.,
2005). The Cabm5 promoter was used previously to drive
expression of the ABC pathway in switchgrass and sugarcane
(Petrasovits et al., 2012; Somleva et al., 2008, 2013). Leaf samples
were taken from regenerated plants while still in tissue culture and
measured for PHB content. Approximately 18% (23 of 126) of the
regenerated plants were found to produce PHB as shown by Nile
blue A staining and 18 plants contained polymer at levels
quantifiable by HPLC (Figure 2a). A phenotype showing stunting,
slow growth and chlorosis was evident in the highest PHB-
producing NBC lines at this stage of development while plants
which contained lower levels of polymer showed no adverse
phenotype (Figure 2b). We compared the NBC plants to our
Figure 1 Pathways for PHB production. The native pathway for PHB
synthesis in bacteria (referred to as the ABC pathway in the text) involves a
b-ketothiolase (1) which converts two acetyl-CoAs to acetoacetyl-CoA
(AA-CoA); an acetoacetyl-CoA reductase (2) which reduces the
acetoacetyl-CoA using NADPH to form (R)-3-hydroxybutyryl-CoA (3HB-
CoA); and a PHB synthase (3) which polymerizes 3HB-CoA to form
polymer. In the alternate pathway (referred to as the NBC pathway in the
text), both acetyl-CoA and malonyl-CoA are used as substrates. Acetyl-
CoA is converted to malonyl-CoA by acetyl-CoA carboxylase (4) as the first
committed step in de novo fatty acid synthesis. Acetoacetyl-CoA synthase
(5) catalyses the conversion of acetyl-CoA and malonyl-CoA to
acetoacetyl-CoA with the release of carbon dioxide. Subsequent steps to
convert acetoacetyl-CoA (2 & 3) to polymer are as described above for the
ABC pathway.
(a)
(b) (c)
Figure 2 PHB content of tissue culture transgenic sugarcane plants
containing either the ABC PHB pathway (phaA, phaB, phaC) or the NBC
PHB pathway (nphT7, phaB, phaC) before transfer to soil. (a) PHB content
in transgenic NBC sugarcane lines. Three replicates each of lines NBC29,
31, 32, 34, 37, 39, 63, 68, 74, 79, 90, 107, 108, 111, 115, 116, along
with line 18 (transgenic control line containing no detectable polymer
production), were transferred to soil in the glasshouse. (b) Phenotype of
NBC plants in tissue culture arranged in order of increasing PHB content
from left to right. (c) Box and whisker plot showing PHB content [% leaf
DW] in two populations of sugarcane tissue culture plants (ABC pathway
(n = 61); NBC pathway (n = 18).
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previously characterized lines (Petrasovits et al., 2012) containing
phaA, phaB and phaC (ABC pathway) using data generated several
years ago when those plants were screened for PHB content while
also in tissue culture (Petrasovits et al., 2012). At this very early
stage of development, lines expressing the NBC pathway con-
tained significantly (P < 0.001) more PHB (range = 0.18 to 7.01%
DW PHB, median = 1.40, n = 18) than our ABC lines (range = 0.04
to 0.93% DW PHB, median = 0.07, n = 61). Although comparing
PHB content for sets of plants generated at different times could be
problematic, the differences in PHB content and distribution are
sufficiently clear that the increase in PHB content in the NBC lines is
due to the use of the nphT7 gene and not due to subtle changes
associated with transformation or growth.
Sixteen transgenic lines (Figure 2a), each with three plants,
producing greater than 0.5% PHB of total leaf DW at the tissue
culture stage were transferred to soil in the glasshouse along with
one transgenic control line containing no detectable polymer
production (line NBC18). Of these, only two of the lower PHB-
producing lines (NBC 29 and 37) and the control line acclimatized
successfully. Difficulty establishing high-PHB-producing NBC lines
in soil was probably due to their chlorotic and stunted nature and
overall lack of vigour. A similar observation was made with the
highest PHB-producing ABC lines (unpublished results). Condi-
tions in the glasshouse were found to be suboptimal for
sugarcane growth and NBC 18-1 and 18-2 failed to survive.
The remaining first-generation plants were transferred to a new
glasshouse with abundant ambient light.
After 6 months, the surviving plants with leaves at all devel-
opmental stages (Figure 3a) were examined for the distribution of
PHB accumulation. PHB content in individual leaves of the best
plant (clone NBC37-1) ranged from 3.6 to 11.8% DW (Figure 3b;
mean = 5.55  2.55% DW). The total PHB yield averaged across
the three clones of line NBC37 (estimated based on the individual
leaf PHB values and dry weights) was 1.79  0.14 g from an
average of 28.4  4.5 g DW of total leaf biomass (6.3% DW).
Line NBC29 averaged 1.06  0.56 g of PHB from an average of
22.4  11.8 g DW of total leaf biomass (4.7% DW). We
previously reported a yield of 0.47  0.70 g of PHB (i.e.
0.79  0.29% of total leaf biomass DW) from a fully mature
(9 month old) high-PHB-producing sugarcane line containing the
ABC pathway (Petrasovits et al., 2013). PHB content in the oldest
leaves of the 6-month-old NBC plants was lower than in younger,
fully mature leaves. Plants transformed with the ABC PHB
pathway showed the highest PHB content in the oldest leaves
consistent with a progressive accumulation of PHB over time
(Purnell et al., 2007; Somleva et al., 2008). We believe this
discrepancy may be the result of transferring the sugarcane lines
to a new glasshouse with better lighting 4 months into the
growth cycle. Leaves with higher polymer levels emerged
subsequent to the transfer.
1H NMR analysis of CD2Cl2 extracts from leaf samples
confirmed the presence of PHB homopolymer (Figure 4). Nile
blue A staining of transverse sections of leaf tips from sugarcane
plants expressing the NBC pathway revealed abundant PHB
granules in both M and BS cells (Figure 3d–f). Additionally,
transmission electron microscopy showed that many more
granules are present in M chloroplasts than previously reported
(Petrasovits et al., 2007, 2012) (Figure 3g–i). The considerable
(a)
(d) (e) (f)
(g) (h) (i)
(b) (c)
Figure 3 Distribution of PHB in the leaves of
transgenic sugarcane plants containing either the
ABC PHB pathway (phaA, phaB, phaC) or the NBC
PHB pathway (nphT7, phaB, phaC).
(a) Comparison of transgenic line 7B4 (Petrasovits
et al., 2012) containing the ABC PHB pathway
(< 2% DW PHB), with line NBC37 containing the
NBC PHB pathway after 6 months growth.
(b) Vertical distribution of PHB in whole leaves of a
representative plant (line NBC37-1) at 6 months,
showing PHB content [% DW] in individual leaves.
(c) Mature 7B4 and NBC37 grown in large pots.
Note the pale leaves and reduced biomass of line
NBC37. (d-f) Nile blue A stained sugarcane leaf
sections. Polymer granules fluoresce a bright
yellow-orange. (d) Wt Q117, (e) 7B4 (ABC
pathway), (f) NBC37 (NBC pathway). (g-i)
Transmission electron micrographs of sugarcane
leaf sections. Arrows indicate PHB granules.
(g) NBC18 (Resistant to antibiotic selection but
produces no PHB). (h,i) NBC37.
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increase in PHB content is consistent with this observed increase
in polymer accumulation in M cells (Figure 3i). Overall, the new
NBC PHB pathway is more efficient than the ABC PHB pathway.
This strongly suggests that, as hypothesized, the higher affinity of
the AACS enzyme for substrate makes it more competitive with
FAS, and thus, it is able to access the available substrate in M cells
more effectively.
The molecular weight (Mw) of PHAs is an important charac-
teristic as it affects other properties including crystallinity,
mechanical strength and biodegradability (Xin et al., 2011). For
example, PHB with a Mw greater than one megadalton (MDa)
shows better thermal stability and mechanical resistance than
lower Mw PHB (Quagliano and Silvia, 2002). Polymer was
extracted from the plants, and gel permeation chromatography
(GPC) was used to determine the Mw of the polymer. Line NBC29
was found to contain PHB with a Mw of 2.03 MDa and a
polydispersity index (PDI) of 3.31, while line NBC37 contained
PHB with a slightly higher Mw of 2.26 MDa and a similar PDI
(3.39). The PDI, defined as Mw divided by the number-averaged
molecular weight (Mn), is a measure of the polymer molecular
weight distribution. We found previously (unpublished data) that
ABC lines contain a smaller molecular weight polymer of about
half this size (Mw = 1.2  0.3 MDa; PDI = 1.7  0.2; mean 
SD). Hence, use of NphT7 appears to substantially increase the
size of the polymer chain compared to PhaA.
The 6-month-old NBC plants were transferred to 95-L pots to
maximize growth rate. By 9 months, the highest PHB-producing
NBC line (NBC37) showed reduced biomass and leaf chlorosis
compared to previously published high-PHB producer line 7B4
(Petrasovits et al., 2012), containing the ABC pathway (Fig-
ure 3c). When the plants were fully grown, they were cut down
to promote new shoots to grow from the stubble (ratooned).
These new shoots (tillers) are normally much more robust than
the original primary shoot. Within a few weeks, the plants had
produced a number of basal shoots except for NBC 29-3 and
37-2 which failed to produce new shoots. After 4 months, each
remaining plant (18-3, 29-1, 29-2, 37-1 and 37-3) had at least
three strong, main shoots of consistent age and height. Analyses
of sucrose, starch and fatty acid content in the leaves of these
NBC sugarcane plants were conducted. The whole of the first
fully unfurled leaf from lines NBC18-3, 29-1, 29-2, 37-1 and 37-3
was sampled at midday on a cloudless day. Leaf samples from
triplicate tillers (shoots) were used as technical replicates to rule
out outliers. Total fatty acid content was not affected relative to
the transgenic control even in lines with whole leaf PHB levels
>5% DW (Figure 5a,b), while starch, sucrose and glucose were
significantly depleted (Figure 5). Similar mean values were
observed between replicates 29-1 and 29-2 and also between
37-1 and 37-3. These preliminary results suggest that a
compensatory mechanism occurs to maintain the flux through
(a) (b)
(c) (d)Figure 4 NMR analysis of polymer from
transgenic sugarcane plants containing the NBC
PHB pathway (nphT7, phaB, phaC) (a) 1H NMR of
PHB in CD2Cl2. Chemical shifts of protons in PHB
are shown in the chemical structure in the figure.
Additional chemical shifts from trace amounts of
H2O (1.52 ppm), trimethylsilane (TMS)
(0.08 ppm) and CH2Cl2 (5.32 ppm), which was
used as the reference signal, are also present.
(b) 1H NMR spectrum of the CD2Cl2 extract of leaf
tissue from sugarcane line NBC29 showing the
presence of PHB. (c) 1H NMR spectrum of the
CD2Cl2 extract of leaf tissue from sugarcane line
NBC37 showing the presence of PHB. (d) 1H NMR
of the CD2Cl2 extract of leaf tissue from
sugarcane control line wt Q117 showing no
evidence for the presence of PHB.
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FAS, which is essential for plant growth, at the expense of
sucrose and starch. The effect of PHB production at these high
levels on important agronomic characteristics, such as biomass,
growth rate and stem sucrose yield, as well as the lignocellulosic
composition in the NBC sugarcane lines, will need to be evaluated
in field trials.
The issue of decreased leaf sucrose and starch content, which
might foreseeably affect stem sucrose content, may be able to be
alleviated by increasing carbon flow through photosynthesis as
recently demonstrated in switchgrass (Somleva et al., 2013).
Depleted starch content (5.3% of wild-type) in the leaves of
switchgrass plants producing around 2% DW PHB was largely
restored (68.2% of wild-type) (Somleva et al., 2012) in plants
producing an equivalent amount of PHB, by expression of a
Synechococcus gene encoding a bifunctional fructose-1,6-bis-
phosphatase/sedoheptulose-1,7-bisphosphatase enzyme (Tamoi
et al., 1996, 2006).
PHB production in sugarcane offers unique possibilities over
other biomass crops as it is already grown commercially for sugar.
When sugarcane is harvested, the stem is collected and processed
for sucrose extraction and the leaves are typically left on the field
as a waste product. The current spatiotemporal pattern of PHB
production in sugarcane, which results in high levels of polymer
accumulation in leaves but not in stems (Purnell et al., 2007;
Somleva et al., 2008), could be advantageous for separation of
the plant feedstock into two product streams at harvest, one for
sugar and the other for PHB.
Conclusions
The present study demonstrates that low polymer accumulation
in M cells can be overcome by replacing the b-ketothiolase (PhaA)
in the PHB synthesis pathway with the acetoacetyl-CoA synthase
NphT7. The resulting enhanced accumulation of PHB in M cells
leads to a significant increase in the yield of high molecular
weight polymer in leaf biomass. This is an important milestone
towards developing commercial lines of PHB-producing biomass
crops.
Experimental procedures
Construction of gene cassettes
A DNA fragment containing the Cab-m5 promoter fused to the
hsp70 intron was excised from pMBXS155 (Somleva et al., 2008)
with PmeI and AvrII and cloned into pBlueScript SK(+) via the AleI
and SpeI restriction sites to create pBSCab-m5. DNA fragments
containing the pea Rubisco S subunit plastid-targeting sequence
fused with either phaA, phaB or phaC, together with the NOS
terminator, were excised from their respective vectors (Petrasovits
et al., 2007) using BamHI and EcoRI. The resulting DNA
fragments were cloned into pBSCab-m5 via the BamHI and EcoRI
restriction sites to create pCab-TP-PhaA, pCab-TP-PhaB and
pCab-TP-PhaC, respectively.
The NOS terminator was amplified from pCab-TP-PhaA by PCR
using the primers NOS-ARCF (50-TAGGATCCGCTAGCTGATCG
TTCAAACATTTGGCA-30) and NOS-ARCR (50-GTCTCTCTCT
GAATTCCCGATCTAGTAACATA-30). The PCR fragment
contained a BamHI followed by a NheI site at the 50 end and an
EcoRI site at the 30 end. The PCR fragment containing NOS was
digested with BamHI and EcoRI and cloned into pCab-TP-PhaA via
the BamHI and EcoRI restriction sites, replacing the segment
containing phaA and NOS, to create pCab-NOS.
A DNA fragment containing nphT7, codon optimized for
sugarcane (Vector NTI, Invitrogen), was synthesized by Epoch Life
Science USA and included a BamHI site at the 50 end, sequence
encoding the maize Rubisco small subunit transit peptide plus the
first five amino acid residues of the ‘mature’ Rubisco small subunit
(accession number Y00322), the coding region of nphT7 (acces-
sion number AB540131) and a NheI site at the 30 end (Figure S1).
The synthesized DNA fragment was cloned into the EcoRV site of
(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 5 The effect of PHB production on fatty acid, starch, sucrose and
glucose content in the leaves of sugarcane containing the NBC PHB
pathway (nphT7, phaB, phaC). *significant difference (P < 0.05). (a) PHB,
(b) fatty acids – abundance relative to control, (c) starch, (d) starch
correlated with PHB content, (e) sucrose, (f) sucrose correlated with PHB
content, (g) glucose, (h) glucose correlated with PHB content. NBC18-3,
which is resistant to antibiotic selection but does not produce PHB, was
used as a control. Values are presented as a percentage of leaf dry weight
(% DW).
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pBlueScript SK(+) to create pBS-NphT7. The nphT7 fused to DNA
encoding a plastid-targeting signal was excised from pBS-NphT7
with BamHI and NheI and cloned into pCab-NOS via the BamHI
and NheI sites to create pCab-TP-NphT7.
Tissue culture and transformation
All in vitro sugarcane culture was performed as reported (Bower
et al., 1996) incorporating previously described modifications
(Petrasovits et al., 2007). Embryogenic callus used for transfor-
mation was generated from the commercial sugarcane variety
Q117. Biolistic transformation of callus was performed using a
custom-made particle inflow gun (Bower et al., 1996). All
bombardments were performed at 1100 psi with 10 lg of
plasmid DNA comprised of equimolar ratios of up to five plasmids
coated onto 1.0-lm tungsten particles (Silvania, Tawanda, PA,
USA) as described (Bower et al., 1996). Transgenic callus was
selected on standard sugarcane media (EM3) supplemented with
50 lg⁄L Geneticin (Invitrogen, Thornton, NSW, Australia). The
production and identification of PHB-producing sugarcane (Sac-
charum sp. cv Q117) plants containing phaA, phaB and phaC (the
ABC PHB biosynthetic pathway) were described previously
(Petrasovits et al., 2007, 2012).
Plant material
Sugarcane lines expressing nphT7, phaB and phaC (the NBC PHB
biosynthetic pathway) were created with constructs pCab-TP-
NphT7, pCab-TP-PhaB and pCab-TP-PhaC along with pUKN
which contains the neomycin phosphotransferase gene for
antibiotic resistance (McQualter et al., 2005). After selection
and regeneration of transgenic callus, individual lines were grown
in tissue culture until 10 cm tall, at which point they were large
enough to screen for PHB and transfer to soil. Sixteen PHB-
positive plants were then clonally propagated in tissue culture
from basal shoots. In addition, line NBC18, which survived
antibiotic selection but did not produce PHB, was included as a
transformation control. Three clones of each new line were
transferred to the glasshouse, to increase the chances that
individual lines would not be lost. Only lines NBC29-1, 29-2, 29-3,
37-1, 37-2, 37-3, and 18-1, 18-2, 18-3 survived. Plants were
grown in a commercial potting mix supplemented with Osmo-
cote (Scotts Australia) under ambient light. Conditions in the
glasshouse were found to be suboptimal for sugarcane growth
and by 4 months line 18-1 and 18-2 had died. The remaining
plants were transferred to a new glasshouse with abundant
ambient lighting. After 6 months, the first-generation plants
were transferred to 95-L pots, with one plant per pot to maximize
growth rate and watered weekly with FlowFeed X7 soluble
fertilizer (Grow Force, Australia). When the plants were fully
grown, they were cut down to promote new shoots to grow from
the stubble (ratooned). This enabled growth of at least three
strong main shoots of equivalent age and height.
PHB analysis
Approximately 10 mg of sugarcane leaf material was analysed for
PHB content by HPLC following acid digestion to crotonic acid as
previously described in Petrasovits et al. (2007). The amount of
PHB present in samples from lines NBC29 and NBC37 used for 1H
NMR and molecular weight analysis was determined in four
independent samples (~ 50 mg each) of lyophilized leaf tissue by
gas chromatography/mass spectrometry (GC/MS) using a simul-
taneous extraction and butanolysis procedure as described by
Kourtz et al. (2007).
Polymer 1H NMR and molecular weight analysis
Mature leaf material (~0.4 g) from fully mature plants of lines
NBC29 and NBC37, and control line wt Q117 was collected and
lyophilized. The lyophilized leaf material was ground to a fine
powder in a Retsch MM301 ball mill. Finely ground dried biomass
was extracted with CD2Cl2 (~ 9 g, 44 h stirring at RT), filtered
(0.22-lm syringe filter) and the organic filtrate solution analysed
by 1H NMR (400 MHz, Spectral Data Services, Inc., Champaign,
IL, USA). A control sample of pure PHB (0.12 g) was also dissolved
in CD2Cl2 for analysis. Ground biomass (~ 200 mg) was also used
for molecular weight analysis by gel permeation chromatography
as previously described (Bohmert-Tatarev et al., 2011).
Starch, sucrose and glucose measurements
First-generation plants were grown in 95-L pots for 4 months
following ratooning with equal ambient light (see above section
‘plant material’) at which time at least three strong, main shoots
of consistent age and height were present. Because only two
biological replicates of lines 29 and 37 remained at this stage, the
first fully unfurled leaf from three main shoots of each plant was
used for analysis as technical replicates to rule out outliers. Whole
leaves were harvested at approximately midday and snap frozen
in liquid nitrogen. They were then freeze-dried and ground to a
fine powder in a Retsch MM301 ball mill. Soluble sugars were first
removed by two washes in 80% aqueous ethanol at 85 °C for
5 min. The percentage of starch per dry weight was measured as
glucose, following digestion with a-amylase and amyloglucosi-
dase as previously described (Sluiter and Sluiter, 2008) with the
final glucose concentrations determined by HPLC. For analysis of
soluble sugars, 20 mg of sample was extracted with 1 mL of hot
water. The extract was analysed by HPLC using a Shodex KS-801
column (Tosho) and a refractive index detector. The running
buffer was dd H2O. A column temperature of 80 °C and a flow
rate of 1 mL/min were used.
Fatty acid content
The total fatty acid content in the leaves of sugarcane PHB lines
was measured in exactly the same samples as PHB, starch and
soluble sugars (see above). For this, fatty acids were converted to
their methyl esters and measured using a method developed for
GC-MS by Metabolomics Australia. Briefly, ~ 5 mg of freeze-dried
ground leaf tissue were treated in methanol containing 2%
H2SO4 at 80 °C for 2.5 h with constant mixing. Fifty micrograms
of nonadecanoic acid (Sigma-Aldrich, Castle-Hill, NSW, Australia)
were used as an internal standard. Lipids were extracted in
hexane and analysed with GC-MS. A volume of 2 lL was injected
in splitless mode, at 350 °C using helium as a carrier gas under a
constant flow of 1 mL/min. Metabolites were separated on a
Varian capillary column (Factor FOUR VF-5 ms: 0.25 mm i.d.,
0.25-lm film, 30 m length with a 10-m fused guard column;
Varian, Mulgrave, Australia) installed on an Agilent 7890A gas
chromatograph coupled to an Agilent 5975C MSD mass spec-
trometer (Agilent Technologies, Santa Clara, USA). The initial
temperature of the separation programme (70 °C) was held for
5 minutes then increased to 320 °C at a rate of 9 °C/min and
finally increased to 325 °C at a 30 °C/min rate and held for
6.3 min. The ion source, quadrupole and transfer line tempera-
tures were set at 300 °C, 150 °C and 280 °C, respectively. The
methyl esters of the fatty acids were identified by direct
comparison with standard solutions and were processed in total
ion count mode (TIC). Integration of the chromatographic peaks
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was performed manually, on the selected ion 74 mass/charge,
using Agilent ChemStation software (Agilent Technologies, Santa
Clara, USA). Relative quantification of the total amount of fatty
acids was performed comparing the ratio of the sum integral of
the selected ion of all measured methyl esters of fatty acids (m/
z = 74) to the internal standards, across all samples. Fatty acids
measured were nonanoic acid, dodecanoic acid, tetradecanoic
acid, pentadecanoic acid, hexadecanoic acid, heptadecanoic acid,
octadecadienoic acid, octadecatrienoic acid, octadecanoic acid,
eicosanoic acid, tetracosanoic acid, hexacosanoic acid, octacosa-
noic acid and triacontanoic acid.
Statistical analysis
Statistical analyses were performed using SigmaPlot for Windows
Version 11.0 (Systat Software, Inc). Multiple comparisons were
made by one-way ANOVA with significance set at P < 0.001.
Imaging
Nile blue A staining of leaf sections were performed as described
previously (Kourtz et al., 2005). For transmission electron micros-
copy, leaf sections were fixed in 3% glutaraldehyde in 0.1 M
sodium cacodylate buffer followed by post-fixation in 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer. Samples
were subsequently rinsed in UHQ water and dehydrated through
a graded series of acetone treatments and embedded in Spurrs
resin. All processing was carried out in a Pelco Biowave (Ted Pella,
Redding, USA). Ultrathin sections were cut on a Leica UC7
ultramicrotome (Leica Microsystems, Wetzlar, Germany) and
imaged with a JEOL JEM-1400 transmission electron microscope
at an accelerating voltage of 120 kV.
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